Our paper evaluates the technical condition of sewerage systems in the Czech Republic that are not properly operated and managed. These include municipalities that own the water infrastructure and operate the sewer network themselves. The selected assessed localities are municipalities of up to 1,000 inhabitants in the Czech Republic, which themselves operate sewerage systems aged 40-50 years. The aim of this paper is to compare and classify various defects in the sewerage systems joining risk analysis method and a proposed methodology corresponding to the applicable EN 13508-2 standard used to assess the condition of the sewerage systems and house connections. The evaluation and comparisons of the technical condition of the sewerage systems with the operating companies is the subject of this paper. Evaluation was done by multi-criteria analysis based on the risk analysis method: Failure Mode and Effects Analysis. The results of the assessment of the technical conditions classified into technical indicators of defects are unique in the Czech Republic and abroad.
Introduction
Currently, various evaluation methodologies are employed to assess the technical condition of the sewer system as well as engineering constructions along with mathematical models and software products that include risk analyses of the operating conditions of the sewers [1] [2] [3] [4] [5] . Besides these instruments, a number of European studies have been drawn up to compare various types of pipe systems, i.e., various pipe materials for municipal sewer systems and their impact on the environment over their service life [6] [7] [8] . The optimization problems of water distribution networks also have been investigated [9] . The developed studies usually deal with the specificities of the relevant country as defined by laws and regulations, requirements related to the system operators and control strategies. A public study by Stein and Partner GmbH [10] from Germany compares sewerage failures in European countries and highlights the specificities of each country and differences in the sewerage failures.
The methodology assessing the technical condition of sewerage can be divided into simple and advanced, addressing development strategy and analyses based on models. The mathematical models predicting pipeline development are based on probabilistic conditions of the pipelines and on stochastic approaches. The current trend is to simulate sewerage aging using the Semi-Markov chain or to simulate system failures using Monte Carlo algorithms with a fixed time-step, for example the Bietigheim model, KAIN and Pforzheim [11] . The advanced models (software) are used for pipe repair and replacement planning support in the medium to short term. The applied software systems supporting strategic planning are KANEW [12] , PiReM -pipe rehabilitation management [13] , WARP -water main rehabilitation planner [14] , PARMS -pipeline asset and risk management [15] , FAST -fichtner asset services and technologies [16] , strategy development and analyses model STATUSSewer [11] and other products, including ones that are not publicly accessible and are used internally by various companies.
Most of mentioned approaches used principles of risk analysis, which is widely applied in many fields that touch our daily lives. These include decisions about risks due to chemical and physical stressors (natural disasters, climate change, contaminants in food and water, pollution, etc.), biological stressors (human, plant and animal pathogens; plant and animal pests; invasive species, invasive genetic material), social and economic stressors (unemployment, financial losses, public security, including risk of terrorism), construction and engineering (building safety, fire safety, military applications) and business (project operations, insurance, litigation, credit, etc.) [17] . Risk analysis is a pervasive but often unnoticed component of modern society that is used by governments, the private sector and individuals in the political, scientific, business, financial, social sciences and other communities [18] . There are many studies about risk analysis. Comparison of the most common methods, techniques, methodologies, models, and tools are listed in numerous publications, including [19] [20] [21] [22] [23] [24] [25] .
The risk analysis and mathematical models of sewer systems are developed in many areas of water engineering, e.g., flood modelling in urban areas, modelling of groundwater infiltration into sewerage systems, modelling for sewage pumping-station [26] , modelling of wastewater discharges through combined system [27] overflows in order to protect water resources and ecosystems, models focusing on pipe damage caused by the age of the system, and other advanced models to support planning and rehabilitation of sewerage systems. Risk analysis was also used in [28] , where authors assess the incidence of respiratory system disorders among residents in the neighbourhood of a wastewater treatment plant compared to the population living outside the impact area. It can be stated that a data analysis for risk modelling related to wastewater and sewers is specific and complex. Its specificities consist in a lack of data and thus making model calibration for planning rehabilitation of medium and large systems in European countries difficult. Most of the data focuses on local effects caused by secondary conditions. Data specificities, distortion, model failure in case of limited data and calibration with distorted predictions are described [29] . An appropriate way to meet the calculation requirements using variable grading systems (descriptive, numerical) and units is fuzzy logic. The result of the simulation and model data generation using mathematical models is to define links between local secondary conditions and characteristic specific pipeline failure. The evaluation and comparisons of the technical condition of the sewerage systems within the operating companies in the Czech Republic using the risk analysis method is the subject of this article.
Materials and Methods
In the Czech Republic, the duty to inspect the structural and technical condition of the sewerage systems is laid down in Act No. 183/2006 Coll. on town planning and the building code (the Building Code) as amended, under which the owners of buildings and water-related structures are obliged to use and operate them in accordance with decisions issued by construction and water authorities, and keep them in good condition [30] . The owner of water-related infrastructure does not carry out these obligations itself, but they are transferred to an operator under an operation contract. Their performance is only possible provided the actual condition of the operated or owned property is established. Thus, the assessment of the structural and technical condition of the sewerage system is not usually the subject of the project assessing the sewerage system, such as a drainage master plan; nevertheless, its results provide important input data for planning the renovation of sewerage systems.
The occurrence and risks of sewerage system defects depend primarily on the quality of design documentation, quality of the applied building materials and the construction of the sewerage system itself, quality of operating the sewerage system and environmental effects (internal and external), which can fundamentally change over the lifetime of the sewerage systems. The defect is a condition when the sewerage system is permanently or temporarily unable to fulfil its function and requirements, with deteriorating reliability of the system compared to its original condition. In extreme situations, the consequences may have a form of emergency breakdown of the sewerage systems, caved-in streets or tramline bodies, subsidence in the worst cases, and even loss of life.
The collection and assessment of all relevant information on the sewerage system and its inspection rank amongst the essential components of operating the sewerage system and form a necessary operation in drawing up sewerage system renewal plans. In the Czech Republic, information about the sewerage system renewal plans are defined under Act No. 274/2001 Coll. on Water Mains and Sewers, as amended [31] . These renewal financial plans force the operators (owners) of the sewerage systems to develop internal methodologies for assessing the technical condition of the infrastructure.
Assessing the priorities of renewing individual sections of the sewerage systems is usually performed through a categorisation on the basis of a multi-criteria analysis, based on the results of visual inspection and sewerage system monitoring. The choice of the multicriteria evaluation of the sewerage system depends on the operator (owner) of the infrastructure, and it is an internal matter of such a company [32] . However, the content and extent of the internal methodology are always defined by project management and meet the needs of the relevant organisation. Internal assessment methodologies are developed by professionals and are directly applicable to the relevant structures and facilities operated by the company. It may be stated that internal methodologies of the companies are simplified and adequate tools to prevent accidents and bursts, but they are not developed in a transparent way (in particular, there is no emphasis placed on other aspects, for example, competitive facilities in the sewerage system).
According to the focus of analysis, the methods are divided into qualitative and quantitative. However, there are also combined methods (semi-quantitative), allowing qualitative and also quantitative analysis [17] . Failure modes and effects analysis (FMEA) used in this study belong to the qualitative risk analysis method.
Multi-Criteria Analysis of Sewerage Systems
To classify the individual defects according to applicable standards EN 13508-2: Investigation and assessment of drain and sewer systems outside buildings -Part 2: Visual inspection coding system [33]; the evaluation criteria are proposed for the structural condition of the sewerage system using the failure mode and effects analysis. This is a multi-criteria analysis method that describes systems and subsystems already in the conceptual stage and focuses on interactions between systems and system elements. Potential sewer section failure rate is rated by the highest code (number) of the risk priority. The proposed methodology can be used to detect a potential failure of the system and allocate the necessary time and funds in advance. The groups of defects that are selected as criteria for assessing the technical condition of the sewerage system include:
Determining the importance weight for the operator/owner of the sewerage systems is a correction value. Setting the defect importance weight and defect classification into CI-CIV corresponds to the national standards, and it is a recommended value. It is based on the expertise of the author and discussions with the operators of the sewerage systems. The proposed methodology for evaluating defects is easily modifiable for the operators of sewerage systems.
The methodology includes a qualitative systematic list of defects enabling quantification, and also includes an estimate of the worst type of consequence. The description of categories CI-CIV is provided in Table 1 .
In mathematical terms, the assessment of the technical condition of the sewer section can be described as follows using Equation 1.
(1) …where i -1,2… p u i -general assessment of i-criterion v j -rate of importance of j-criterion C j -i-sub-assessment of i-section based on j-criterion n -number of criteria p -number of sewer sections Sections with the highest point scores are proposed to be included in the renovation plans (short-, midand long-term) to renew the sewerage networks and are used as the basis for setting priorities for sewer section rehabilitation. Optimal selection of sections to be renovated is made on the basis of information collected about the structural condition of the sewer, comprehensive assessment of the hydraulic condition of the sewer section, assessment of the impact of the structure on the surrounding environment, etc.
To evaluate the technical condition of the sewer sections using the multi-criteria analysis ( Table 2) and to classify the individual defects, it is always necessary to monitor the sewerage system. The final assessment values u i are dimensionless figures in an interval of <0 = trouble less network, 1 = necessary rehabilitation>. The methodology recommends sections with the highest ranking as sewers to be reconstructed.
Study Area
The monitoring and evaluation of the technical conditions of the sewerage system according to the proposed selection criteria was conducted in 10 municipalities (systems operated by owner municipalities) in the south Moravian Region and at five municipalities in the Zlín Region in the Czech Republic during 2010-2015. These municipalities have been owners as well as operators of the infrastructure since construction of the sewerage system in the municipality. The major part of the sewerage network was probably built in the 1970s as combined sewerage consisting mainly of concrete or reinforced concrete pipes. In total, the monitoring was conducted over 110 km of the entire sewerage system in all the municipalities. Statistical data on the sewerage networks in the selected municipalities is given in Table 3 .
Based on the size of the assessed municipalities, the sewerage systems can be categorised as 500-2,000 population equivalent. The evaluated data is unique as there is currently no information on the technical condition and defect rate of the sewerage systems operated by the owners -municipalities themselves.
Statistical Evaluation of Data of the Technical Condition of the Several System
The data of individual technical indicators were evaluated on the basis of camera surveys of the sewerage network. The data for the selected technical indicators are shown in Table 3 .
It can be stated that from the structural point of view the most common problem is a damaged or displaced pipe socket joint. Other common problems are hairline cracks, line cracks, fissure lines and open cracks. The displaced connection or connections blockage is caused by improper connection and poorly designed connection gradient to the sewerage network. The connection was often made without the consent of the owner/operator or individually without any special equipment.
In operational terms, the most serious problem is related to the surface damage caused by sulphuric acid corrosion and the related loss of material on the upper surface of the body. The sewer manholes on the sewer networks are often located in the front gardens of detached houses, where they are covered and hidden, which helps develop anaerobic conditions in the sewers. Deterioration of sewer pipe section surface when the sewer manholes are covered over long sections has been observed.
Based on the obtained technical indicator values in all the evaluated municipalities for the same period, we have drawn up the percentage of defects in the sewer system as shown in Fig. 1 .
Results
The unnamed subsidiaries of Veolia Česká Republika, A.S.
[34] are represented by companies in Graph A to O. Operators are represented in a range of small municipalities up to large cities. Operators A, B, and F are cities of more than100,000 inhabitants, smaller towns and rural areas. Operators C, D, E, H are cities with 50-100,000 inhabitants, smaller towns and rural areas. Operators G, I, J are cities of up to 50,000 inhabitants and rural areas. The letter Z marks selected municipalities that operate sewerage systems themselves. The resulting Fig. 2 shows the overall comparison of the number of defects per 10 km of sewers of the individual companies and operators (individual municipalities). Fig. 2 shows the resulting comparison of the number of defects per 10 km of sewers of the individual companies and independent operators of the sewer systems. Currently, no statistical data providing a comprehensive comparison of the number of defects and their percentage is available in the Czech Republic.
As regards concrete pipes, this concerns smallersize sewers made of plain concrete used in the past for the construction of sewerage systems in small municipalities, and which are presently at the end of their service life. The defect rate of stoneware and plastic pipes is only aiming as stoneware pipes have been used in the Czech Republic for more than 100 years, while plastic pipes have been used for a much shorter period of time.
When comparing the defect rates of the individual types of piping materials in company Z, we also take into account the time factor, i.e., comparison of the defect rate of sewers of the same age. Defects of the sewerage system were caused by lack of qualification in constructing the sewerage systems involving local residents, the age of the sewerage system and use of lower quality materials during construction conducted in the past. Experience shows that the assessed selected municipalities do not carry out regular inspections and maintenance of sewers, i.e., CCTV (closed circuit television) inspections nor physical visual inspection of structural and technical conditions. The average defect rate of the sewerage systems in comparison with the subsidiaries of Veolia Czech Republic is up to 5 times higher, totalling an average of 13 defects per 10 km. The evaluated municipalities do not develop water infrastructure renewal plans, they have no overview of the sewerage facility records and they do not generate financial reserves or funds for maintenance, repairs, renovation or reconstruction of the sewerage network and sewerage-related structures. The aforementioned reasons have made the municipal councils in 40% of the assessed municipalities change the operators, usually being replaced with regional water utilities in the relevant regions of the Czech Republic. The comparison of the individual indicator defaults was carried out with the Veolia Česká Republika, a leading supplier of water-related services that provides sewerage services to more than 3.2 million inhabitants.
This company has published statistical information on the average defect rate of the sewerage systems and facilities of its subsidiaries, which are compared with the results of the sewerage operated by their owners (Table 4 ).
Conclusions
The reason for postponing repairs today is presently often the lack of funds available to the operator (owner) for repairs, which is a frequent problem of a vast majority of the operators. The sewerage system repairs necessitated by defects form a significant cost item of each and every operator and are a factor affecting the sewage tariff level. Each operator makes surveys of the sewerage system in their own interest, and they keep records of defects and their monitoring. The survey results are an invaluable source of information on the types and characteristic defects related to the individual sewer material groups, civil structures in the system, causes of the defects and frequency of defects in the system. This paper offers an alternative solution for assessing the structural and technical condition of sewer systems using a multi-criteria analysis based on the failure mode and effects analysis method while keeping the relative assessment scale and comparing the results. This method has been implemented in selected municipalities of the Czech Republic, which themselves operate their sewerage systems and know their technical condition. The results of assessing the technical conditions classified into technical indicators of defects are unique both in the Czech Republic and abroad. The uniqueness of the results consists of the percentage classification of the individual failures in the relevant categories. For the water infrastructure self-operators there are currently no statistical data for classifying the individual failures. The self-operators have no overview of the technical condition of the sewerage systems because they usually do not perform system maintenance and they only handle any potential failures or bursts. Currently, water companies operating water infrastructure do not develop and classify any detailed statistical data of the sewer system defects. Internal databases of these companies provide information about sewerage CCTV inspections indicating defects; however, these defects are not further analysed or classified.
The conducted analysis has determined the average defect rate of sewerage systems for selected municipalities operating their sewerage networks themselves, and the data was compared with Veolia Česká Republika. The empirical experience is not recorded and is usually included in internal documents.
The CCTV inspections in selected municipalities can be comprehensively compared. The sewerage construction took place over the same years, and the material used is of the same age -just like the construction of the sewerage. The CCTV inspections were conducted in all parts of the sewerage system of the selected municipalities and therefore no random selection was made. For the duration of the CCTV inspections we can ignore the newly formed defects following the sewerage monitoring, which could affect the statistical data. The final analysis of the evaluated municipalities did not reveal any link between a defected pipe and local ecological and environmental conditions of the landscape.
The measured data can be integrated into the pipe aging model and the forecasting model.
